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NifBBiosynthesis of metal clusters for the nitrogenase component proteins NifH and NifDK involves elec-
tron donation events. Yet, electron donors speciﬁc to the biosynthetic pathways of the [4Fe–4S] clus-
ter of NifH, or the P-cluster and the FeMo-co of NifDK, have not been identiﬁed. Here we show that
an Azotobacter vinelandii mutant lacking fdxN was speciﬁcally impaired in FeMo-co biosynthesis.
The DfdxN mutant produced 5-fold less NifB-co, an early FeMo-co biosynthetic intermediate, than
wild type. As a consequence, it accumulated FeMo-co-deﬁcient apo-NifDK and was impaired in Nif-
DK activity. We conclude that FdxN plays a role in FeMo-co biosynthesis, presumably by donating
electrons to support NifB-co synthesis by NifB. This is the ﬁrst role in nitrogenase biosynthesis
unequivocally assigned to any A. vinelandii ferredoxin.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Electron donation events are required at many different levels
in the nitrogenase system. First, electrons must reach NifH that,
in turn, acts as obligate electron donor to NifDK for the reduction
of substrates. Examples of electron donors to NifH are the Klebsiella
pneumoniae NifF ﬂavodoxin [1] and the Rhodobacter capsulatus
FdxN ferredoxin [2]. Second, reductive coupling of two [4Fe–4S]
clusters is required to assemble each P-cluster of the NifDK nitro-
genase component protein [3]. Third, a source or reductant is
required in a number of reactions during the biosynthesis of nitro-
genase iron-molybdenum cofactor (FeMo-co) [4]. Fourth, reductive
coupling of two [2Fe–2S] clusters must occur to assemble one
[4Fe–4S] cluster within the scaffold protein NifU [5], which
donates [Fe–S] clusters to a number of nitrogenase structural and
biosynthetic proteins.
Among the ﬁfteen ferredoxins encoded in the Azotobacter vine-
landii chromosome [6], FdxN belongs to a class of 2  [4Fe–4S]
cluster ferredoxins. This class of ferredoxins presents two con-
served motifs, Cys-X2-Cys-X2-Cys-X3-Cys and Cys-X2-Cys-X79-
Cys-X3-Cys-X35-Cys, which are also conserved in FdxN (except
for the last Cys residue labeled in bold) [7].
The A. vinelandii fdxN gene is part of the nifB fdxN nifOQ rhdN
grx5nif operon located in the so-called minor nif cluster. Two genes
from this operon, nifB and nifQ, are required for FeMo-co biosyn-
thesis. The S-adenosylmethionine (SAM)-radical protein NifBassembles NifB-co, a complex cluster comprising, at a minimum,
the 6Fe–9S–C core of FeMo-co [8,9]. On the other hand, NifQ serves
as Mo donor [10]. The nifB and fdxN genes are expressed at similar
levels under diazotrophic growth conditions whereas nifQ expres-
sion is 400-fold lower [11,12]. Here we report a detailed study of
the A. vinelandii DfdxN mutant phenotype and propose a role for
FdxN in the biosynthesis of NifB-co.
2. Materials and methods
2.1. Strains used
A. vinelandii DJ (wild-type) [6], DJ995 (his-nifDK) [13], UW45
(nifB) [14], and UW235 (DnifENX) [15] have been described. Strains
UW344 and UW349 carrying in-frame deletions of the entire fdxN
gene, and strain UW369 and UW371 carrying the fdxN gene under
the control of the nifH promoter were generated as described in
Supplemental information.
2.2. Nitrogenase activity assays
All activities were determined by the acetylene reduction assay
with ethylene formation being analyzed in a Shimadzu GC-2014
gas chromatograph. The speciﬁc activity of each protein is deﬁned
as nmol of ethylene formed per min per mg of protein.
Acetylene reduction assays on whole cells derepressed for
nitrogenase were performed as described in [16].
In vitro nitrogenase activity assays were performed in 9-ml ser-
um vials sealed with serum stoppers under argon/acetylene (93%/
7%) atmospheres. Nitrogenase component activities in cell-free
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complementary component, as described [17].
In vitro FeMo-co insertion assays were carried out as described
in [18]. The amount of apo-NifDK in cell-free extracts was
determined in the presence of excess NifH and FeMo-co. Five ll
of 54 lM puriﬁed FeMo-co were added into the reaction mixtures.
Control reactions contained 5 ll NMF in place of FeMo-co. Apo-
NifDK in the extract was estimated as a percentage of total
NifDK activity after apo-NifDK reconstitution. Signiﬁcant differ-
ences were analyzed by a Bonferroni test of variance (ANOVA,
P < 0.05).
NifB-co dependent FeMo-co synthesis and insertion assays
were carried out with UW396 and UW235 cell-free extracts as de-
scribed [14] with modiﬁcations. The complete reactions contained:
250 ll of cell-free extracts (2 mg of protein) from the A. vinelandii
strain being analyzed, 200 ll of UW45 cell-free extract (1 mg of
protein), 24 lM Na2MoO4, 0.182 mM R-homocitrate, 1.32 mM
ATP, 2.27 mM MgCl2, 18.7 mM phosphocreatine, 45.4 lg/ml crea-
tine phosphokinase, and 5 mM sodium dithionite (DTH) in a ﬁnal
volume of 0.6 ml. The mixtures were incubated at 30 C for
35 min to allow for FeMo-co synthesis and insertion reactions.
The resulting activation of apo-NifDK present in UW45 extract
was analyzed by the acetylene reduction assay after adding
0.8 ml of an ATP-regenerating mixture (3.6 mM ATP, 51 mM phos-
phocreatine, 6.3 mM MgCl2, 20 units/ml creatine phosphokinase,
and 6.3 mM DTH) and an excess of puriﬁed NifH (0.1 mg of
protein).
Nitrogenase activity reactions carried out with puriﬁed NifH
and NifDK proteins contained 15 lg of NifDK plus variable
amounts of NifH in a ﬁnal volume of 100 ll (10–40 NifH/NifDK
molar ratio). After addition of 0.8 ml of an ATP-regenerating mix-
ture, activities were determined by the acetylene reduction assay.
2.3. NifH and NifDK protein puriﬁcation
Wild-type NifH and NifDK were puriﬁed from DJ cells [17].
DfdxN NifH was puriﬁed from UW349 cells as described [17].
DfdxN His-NifDK was puriﬁed from UW349 cells by metal afﬁnity
chromatography as described in [13] with modiﬁcations.Table 1
Nitrogenase component activities in cell-free extracts of wild type
and DfdxN strains. Activities were measured by using the
acetylene reduction assay. The amount of NifH in cell-free extracts
was determined after addition of 105 lg NifDK. The amount of
NifDK in cell-free extracts was determined after addition of excess
NifH.
Reaction mixture Activitya
Wild type extract 13.9 ± 2.1
+NifDK 21.6 ± 0.7
+NifH 75.3 ± 5.9
DfdxN extract 5.5 ± 1.9
+NifDK 19.2 ± 5.6
+NifH 19.5 ± 4.7
a Values are the averages of at least four assays performed
separately. Speciﬁc activities are expressed as nmol ethylene
formed per min per mg protein in the extract.2.4. Electron paramagnetic resonance (EPR) analysis
X-band CW-EPR spectra were obtained by using a Bruker EPR
EMX6/1 spectrometer equipped with an ER4116DM rectangular
cavity. Perpendicular mode EPR was carried out on NifH (10 mg/
ml) and NifDK (5 mg/ml) samples puriﬁed from wild type and
DfdxN cells according to [19] with modiﬁcations. Spin integration
of the S = 3/2 EPR signal from DfdxN NifDK was accomplished by
comparison to the integrated area of wild-type NifDK signals as
in [20].
3. Results
3.1. Deletion of fdxN impairs in vivo nitrogenase activity and
diazotrophic growth
Under diazotrophic growth conditions, the DfdxN strain exhib-
ited a long lag phase and a 50% increase in doubling time during
the exponential growth phase (4.6 h compared to 3 h in wild-type
strain) (Fig. S1A). On the other hand, no defect was observed when
growing with NHþ4 as nitrogen source. The defect of DfdxN in dia-
zotrophic growth correlated with a defect in the in vivo nitrogenase
activity, which took much longer to develop and was 3-fold lower
than in wild type after 4 h of derepression (Fig. S1B). These results
are in agreement with a previous report [12] indicating that, whilefdxN is not essential to nitrogenase activity, it is involved in some
aspect of nitrogenase activity, biosynthesis or regulation.
Fig. S1B shows that a PnifH::fdxN construct inserted in a non-nif
region of the chromosome was able to revert the DfdxN mutant
phenotype, demonstrating that UW344 phenotype was due to
the DfdxNmutation and not to polar effects over nifOQ rhdN grx5nif
genes.
3.2. DfdxN strain accumulated low levels of NifDK
The accumulated levels of NifH and NifDK were investigated to
understand the basis of in vivo nitrogenase activity impairment in
the DfdxN strain. Cells from NHþ4 -containing cultures of wild-type
and DfdxN strains were collected and incubated under diazotroph-
ic growth conditions for a period of 7 h. Cell samples were har-
vested at 0, 10, 30, 60, 120, 180, 240, and 420 min after nitrogen
step-down and used to determine NifDK and NifH contents by
immunoblot analysis. The DfdxN strain accumulated substantially
less NifDK protein than the wild type while NifH levels were found
to be 1.2-fold higher in DfdxN than in wild type (Fig. S2). Since nifH
and nifDK genes are co-transcribed from the same promoter, the
speciﬁc decrease in NifDK accumulation suggests either increased
degradation or a defect in the rate of NifDK synthesis.
3.3. DfdxN cells accumulate a mixture of NifDK and apo-NifDK
While immunoblot analysis provided an estimate of total NifDK
accumulated in cells, it did not distinguish between active NifDK
and inactive cofactor-less apo-NifDK. In vitro activity assays were
performed to determine the amount of active NifH and NifDK pro-
teins in cell-free extracts obtained from wild type and DfdxN cells.
The levels of active NifDK in cell-free extracts were determined by
the acetylene reduction assay after addition of excess puriﬁed NifH
(Table 1). Considering that NifDK speciﬁc activity is 2000 nmol
C2H4 formed per min per mg of protein, it was estimated that wild
type and DfdxN cell-free extracts contained ca. 75 and 20 lg active
NifDK per mg of protein in the extract, respectively. On the other
hand, NifH activity level, determined by adding excess puriﬁed Nif-
DK to the cell-free extracts, revealed that wild type and DfdxN
strains exhibited almost identical NifH activity levels (Table 1).
In other experiments, cell-free extracts were supplemented
with 0.27 nmol of isolated FeMo-co in N-methyl formamide
(NMF) solution plus excess puriﬁed NifH. Control reactions con-
tained the same amounts of NMF but no FeMo-co. Addition of
FeMo-co had no signiﬁcant effect on wild-type cell-free extracts;
an activity of 86.0 ± 3.7 moles of C2H4 formed per min per mg of
protein was obtained compared to 82.5 ± 4.4 in the control
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activity by 32% (40.3 ± 4.1 moles of C2H4 formed per min per mg
of protein compared to 30.6 ± 2.9 in the control reaction), showing
the presence of FeMo-co-activatable apo-NifDK in the mutant ex-
tracts. Thus, fdxN deletion caused, not only a decrease in total Nif-
DK levels, but also accumulation of apo-NifDK probably by a defect
in NifDK biosynthesis.
3.4. FdxN is involved in NifB-co biosynthesis
UW235 (DnifENX) strain is unable to process NifB-co into
FeMo-co because it lacks the NifEN protein, a mutation that re-
sults in NifB-co accumulation [14]. The UW396 double mutant
(DfdxN DnifENX) strain was generated to investigate whether
the absence of fdxN affected NifB-co accumulation. NifB-co activ-
ity levels were estimated by using the NifB-co dependent FeMo-
co synthesis and insertion assay, a biochemical complementation
in which UW45 (nifB) cell-free extracts are incubated with ex-
tracts of the strains being analyzed under conditions that allow
FeMo-co synthesis and insertion into apo-NifDK present in the
UW45 extract. The activity of reconstituted NifDK is then
determined by standard procedures. NifB-co present in UW235
extracts reconstituted NifDK activity to a value of 5.40 ± 0.79 mo-
les of C2H4 formed per min per mg of protein. In comparison,
NifB-co present in UW396 extracts only activated NifDK to
1.13 ± 0.07 moles of C2H4 formed per min per mg of protein,
demonstrating that FdxN activity was required for NifB-co
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Fig. 1. Properties of puriﬁed DfdxN NifH and DfdxN NifDK proteins. (A) SDS–PAGE analy
NifDK andDfdxN NifDK preparations. (C) titration of NifH andDfdxN NifH activity. (D) titr
DfdxN NifH preparations. (F) Fe and Mo contents of puriﬁed NifDK and DfdxN NifDK pre3.5. Puriﬁcation and characterization of DfdxN NifH and NifDK
nitrogenase components
Pure NifH and NifDK preparations were obtained fromwild type
and the DfdxN mutant (Fig. 1A and B). These preparations were
used to investigate activity, metal content, and associated EPR sig-
nals. No difference was observed between DfdxN and wild-type
NifH in their capacity to titrate NifDK activity (Fig. 1C). Maximum
activities around 2000 mol of C2H4 formed per min per mg of NifDK
were obtained at NifH:NifDK molar ratios of 40, as expected. On
the other hand, puriﬁed DfdxN NifDK showed 2.5-fold lower activ-
ity than wild type NifDK, since titration with NifH rendered a max-
imum activity of 700 mol of C2H4 formed per min per mg protein
(Fig. 1D).
DfdxN NifH and NifDK metal contents and EPR signals were
determined and compared to those of wild-type proteins. Similar
to wild type, the DfdxN NifH was shown to contain 4.2 ± 0.1 mol
Fe per mol NifH dimer (Fig. 1E) and to exhibit the same intensity
of the NifH [4Fe–4S] cluster EPR signal (Fig. 2A). Fe and Mo content
in puriﬁed DfdxN NifDK were 18.8 ± 1.9 mol and 1.0 ± 0.1 mol per
mol of NifDK tetramer (Fig. 1F), respectively, a ratio that is consis-
tent with a complement of 2 P-clusters and only 1.2 FeMo-co in the
mutant protein. The DTH-reduced DfdxN NifDK exhibited the char-
acteristic S = 3/2 EPR signal arising from FeMo-co although with an
intensity quantiﬁed as 40% relative to wild-type NifDK (Fig. 2B).
Furthermore, the slight differences appreciated between the g-val-
ues of NifDK and DfdxN NifDK suggest that the FeMo-co environ-
ment was not identical in the two proteins. No S = ½ EPR signalNifDK
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Fig. 2. Derivative EPR spectra of NifH and NifDK proteins puriﬁed from wild type
and the DfdxN mutant. (A) spectral conditions for NifH were 9.65 GHz microwave
frequency, 10 G modulation amplitude, 6,3 mW microwave power, and 12 K. (B)
spectral conditions for NifDK were 9.65 GHz microwave frequency, 10 G modula-
tion amplitude, 0.6 mW microwave power, and 5 K.
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served in DfdxN NifDK. These results indicate that DfdxN NifDK
was partially deﬁcient in FeMo-co consistent with a role of FdxN
on FeMo-co biosynthesis.
4. Discussion
A polar fdxN::lacZ-Km insertional mutant was previously
reported to be impaired in NifDK activity [12]. V- and Fe-only
nitrogenase activities were also affected in this mutant and, consis-
tently, fdxN expression was observed under all three diazotrophic
growth conditions [12].
To narrow down the role of FdxN in nitrogen ﬁxation, we
generated a mutant strain carrying a non-polar in-frame fdxN
deletion and sequentially asked a series questions. The DfdxN
strain did not exhibit a strict Nif minus phenotype but was clearly
impaired in nitrogenase activity and diazotrophic growth. The lack
of a complete Nif minus phenotype is likely due to some degree of
functional overlap with other ferredoxins. The A. vinelandii genome
sequence reveals the presence of 14 additional ferredoxin-
encoding genes annotated as: fdxA, vnfF, iscfdx, ﬁxX, asfB, xylT, lapQ,
Shethna protein, Rieske-type ferredoxin, Avin01510, Avin03470,
Avin10510, Avin25850, and Avin39700 [6]. Some of these genes
and their ferredoxin products have been studied. The fdxA gene
encodes A. vinelandii ferredoxin I, which was suggested to have
some functional overlap with the NifF ﬂavodoxin. The role of ferre-
doxin I was not clear: while fdxA mutants grew at wild-type rates,
fdxA nifF double mutants grew slower both under diazotrophic and
non-diazotrophic conditions [22]. Ferredoxin I contains one
[3Fe–4S] cluster and one [4Fe–4S] cluster and its structure has
been solved [23]. The vnfF gene is located immediately
downstream of vnfH [24] and it has been suggested to participate
in electron donation to the V-nitrogenase. Indeed, vnfF transcript
levels increased 100-fold under Mo-independent diazotrophic
growth conditions [25]. The iscfdx gene belongs to an operoninvolved in [Fe–S] cluster assembly for general purposes [26]. Its
role is to supply electrons to the cysteine desulfurase IscS aiding
in the reduction of S0 to S2 [27]. The Shethna protein is part of
the so-called nitrogenase conformational protection mechanism
as it has been shown to associate with nitrogenase under condi-
tions of O2 stress and protect it from oxidative damage [28]. The
roles of many other A. vinelandii ferredoxins remain unassigned.
We ﬁrst asked whether wild-type nitrogenase activity levels
could be obtained in DfdxN cell-free extracts by using the in vitro
nitrogenase assay, in which electron donation to nitrogenase is
carried out by sodium dithionite, and the answer was negative.
The fact that DfdxN cell-free extracts were speciﬁcally defective
in NifDK activity did not support a role for FdxN in electron dona-
tion during nitrogenase catalysis but rather in NifDK expression,
biosynthesis or stability.
We then asked whether NifDK expression was affected and
found that the DfdxN mutant accumulated 2-fold lower levels of
NifDK than wild type. However, NifH levels were slightly higher
in the DfdxN mutant, and it is known that nifHDK gene expression
is driven by a common promoter upstream nifH. Apart from NifH,
the DfdxN mutant accumulated higher levels of other proteins
involved in FeMo-co synthesis, such as NifU, NifB, NifQ and NifEN
[40]. This phenotype can be interpreted as a compensatory mech-
anism to increase nitrogenase activity. Thus, low NifDK levels were
probably due to a defect in either biosynthesis or stability, or both.
Lower apo-NifDK levels have been reported for mutants affected
either in P-cluster assembly or in FeMo-co synthesis or insertion
[29–31]. These effects have been interpreted as decreased apo-Nif-
DK stability. However, these results do not completely rule out an
additional role for FdxN in modulating nif gene expression. We
note that an Azoarcus sp. BH72 fdxNmutant strain exhibited a com-
plex phenotype that affected switch off regulation of nitrogenase
activity [32].
Detection of FeMo-co activatable apo-NifDK [29,33] in DfdxN
cell-free extracts further suggested that (i) FdxN was involved in
FeMo-co biosynthesis, and (ii) nitrogenase P-cluster synthesis
was not altered. P-cluster synthesis is a NifH- and reductant-
dependent process that occurs by the in situ fusion of two
[4Fe–4S] cluster subunits within apo-NifDK [3]. It is important to
note that P-cluster synthesis is prerequisite for FeMo-co insertion.
Therefore, mutants unable to synthesize the P-clusters would
accumulate a form of apo-NifDK that cannot be activated by the
simple addition of FeMo-co [34]. Finally, puriﬁed DfdxN NifDK
showed properties that were consistent with the absence of part
of its FeMo-co complement: lower speciﬁc activity, lower Mo and
Fe content, and lower intensity of FeMo-co EPR signal. The pres-
ence of FeMo-co-deﬁcient apo-NifDK in the DfdxN mutant could
explain its lower levels overall, since this form of the enzyme has
been reported to be less stable than NifDK [29].
Being the fdxN gene part of the nifB fdxN nifOQ rhdN grx5nif op-
eron, it was reasonable to hypothesize that FdxN could function in
concert with either NifB or NifQ. Both NifB and NifQ require a
source of reductant to synthesize their products, namely NifB-co
[35] and a [3Fe–4S–Mo] cluster [36], respectively. Indeed we found
that the DfdxN strain was severely impaired in NifB-co synthesis.
On the other hand, FdxN participation in the same reaction as NifQ
is unlikely because the phenotype of fdxN mutation could not be
reverted by growing the cells diazotrophically in the presence of
1 mM sodium molybdate, conditions known to revert nifQ mutant
phenotype [12].
NifU and NifS have been shown to provide NifB with [Fe–S]
cluster precursors for NifB-co synthesis [37]. They are also required
for the synthesis of [Fe–S] clusters for other nitrogenase proteins,
including NifH [38] and the P-clusters of NifDK [3]. Assembly of
[4Fe–4S] clusters in NifU requires reductant [5], as it does the
transfer of these clusters to target apo-proteins [39]. The results
516 E. Jiménez-Vicente et al. / FEBS Letters 588 (2014) 512–516of this study do not support the participation of FdxN in either
these processes because no defect was observed in DfdxN NifH
with regard to its activity or [4Fe–4S] cluster content.
In conclusion, this study establishes the involvement of FdxN in
NifB-co synthesis by NifB. We suggest that the role of FdxN is to
serve as electron donor to NifB during catalysis, probably by reduc-
ing the SAM-bound [4Fe–4S] cluster and driving the formation of
the 50-deoxyadenosyl radical.
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